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 abstract 
 Background  The aim of the current investigation was to examine the inluence of the front and back 
  squat variants on the hamstring and the quadriceps muscles kinematics.
 Material/Methods  Eighteen male participants were recruited with 1 repetition maximum values of 122.7 
±16.4 and 88.7 ±13.9 kg for the back and front squat lifts. Participants completed both 
back and front squats at 70% of their front squat 1 repetition maximum. The hamstring and 
the quadriceps muscle kinematics were determined during kinetic situations using motion 
capture data, in addition to segmental and joint kinematics.
 Results  Diferences between squat conditions were examined using paired samples t-tests.
The results showed that there were no diferences in either segmental/joint or muscle 
kinematics between the front and back squat lifts.
 Conclusions   These indings lead to the conclusion that neither the front nor the back squat conditions 
difer in terms of their eccentric and concentric recruitment of the quadriceps and 
hamstring muscles.
 Key words squat, hamstring, quadriceps, kinematics, musculoskeletal 
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introduction 
The barbell squat is one of the most frequently used and fundamental exercises 
in the ield of strength and conditioning [1]. The objective of the squat is 
primarily to recruit and strengthen the musculature associated with the hip 
and knee joints [2]. Importantly, the squat is known to exhibit biomechanical 
similarities with a wide range of sports movements and thus is included in 
most training routines with the goal of enhancing athletic performance [3]. 
The squat itself has two principal variants: the back and the front squat lifts.
A considerable amount of research has been conducted by both sports 
scientists and biomechanists regarding the mechanics of the squat; however, 
there is comparatively little information available regarding the diferences 
between the front and back squat variants. Russell & Phillips [4] investigated 
the inluence of the front and back squat on the sagittal plane kinematics and 
joint torques. They showed that no diferences in joint torques were evident 
between squat conditions, but the back squat was associated with greater 
lexion of the trunk segment. Diggin et al. [5] investigated diferences in the 
lower limb and trunk kinematics between the front and the back squat. Their 
indings concur with those of Russell & Phillips [4] in that performing the back 
squat was associated with signiicantly greater trunk lexion in comparison 
to the front squat. 
Gullett et al. [6] comparatively examined the efects of performing the front 
and back squat variants on knee joint forces and muscle activation of the 
quadriceps, hamstring and erector spinae. Their observations conirmed that 
the back squat was associated with greater knee forces compared to the front 
squat, but no diferences in muscle activation were shown. Stuart et al. [7] 
also examined the efects of the two squat variants on knee joint kinetics and 
muscle activation. They showed that neither knee joint forces nor muscle 
activation difered as a function of diferent squat techniques. Sinclair et al. 
[8] investigated the diferences in the patellofemoral joint kinetics between 
the front and back squat. Their indings revealed that the back squat was 
associated with signiicant increases in both patellofemoral force and pressure 
in comparison to the front squat, which they proposed may be associated with 
an increased risk from knee pathology. Finally, Sinclair et al. [9] examined 
the inluence of the front and back squat lifts on the loads experienced by the 
Achilles tendon. The results of this investigation showed that the peak loads 
experienced by the Achilles tendon were signiicantly larger during the back 
squat compared to the front squat.
Whilst there is some literature which has investigated diferences between the 
front and the back squat, there has yet to be a comparative examination of the 
muscle kinematics between the two squatting modalities. A lack of suitable 
measurement techniques capable of quantifying muscle mechanics is a key 
limitation; however, speciic software now exists which is able to provide dynamic 
simulations of skeletal muscle kinematics during dynamic situations [10]. 
 
The aim of the current investigation, therefore, was to examine the inluence 
of the front and the back squat variants on the hamstring and the quadriceps 
muscles kinematics. A study of this nature may provide important information 
for those who seek to understand skeletal muscle control and for athletes who 
habitually utilize the squat in their resistance training.
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material and methods 
participants 
Eighteen male participants (age 25.9 SD 5.1 years, height 1.74 SD 0.12 m 
and body mass 77.44 SD 5.29 kg) volunteered to take part in the current 
investigation. Participants had 6.55 ±2.11 years of experience in squat lifting 
with 1 repetition maximum values of 122.7 ±16.4 and 88.7 ±13.9 kg for the 
back and front squat lifts, respectively. Participants trained at least 3 times 
per week and habitually utilized both squatting techniques as part of their 
resistance training routine. Ethical approval was obtained from the University 
Ethics Committee, and the procedures outlined in the Declaration of Helsinki 
were followed.
procedure 
Participants completed ive repetitions in each squat condition, using their 
normal back and front squat technique. The load was consistent for both 
conditions, with participants lifting 70% of their front squat 1 repetition 
maximum. Participants completed their squats in a randomised order to control 
for any order efects. 
Kinematic information was captured at 250 Hz using an eight camera 
optoelectric motion analysis system (QualisysTM Medical AB, Gothenburg, 
Sweden). To deine the anatomical frames of the trunk, pelvis, thighs, shanks 
and feet retrorelective markers were placed at the C7, T12 and xiphoid process 
landmarks and also positioned bilaterally onto the acromion process, iliac 
crest, anterior superior iliac spine, posterior superior iliac spine, medial and 
lateral malleoli, medial and lateral femoral epicondyles and greater trochanter. 
Carbon-ibre tracking clusters comprising of four non-linear retrorelective 
markers were positioned bilaterally onto the thigh and shank segments. Static 
calibration trials were obtained with the participant in the anatomical position 
in order for the positions of the anatomical markers to be referenced in relation 
to the tracking clusters/markers.
data processing 
Marker trajectories were iltered 6Hz using a low pass Butterworth 4th 
order zero-lag ilter and analysed using Visual 3D (C-Motion, Germantown, 
MD, USA). All temporal information was normalized to 100% of the squat 
movement. The timing of the initiation and termination of the squat movement 
for both techniques were taken as the instances of maximum hip extension in 
accordance with those of Sinclair et al. [11]. For the current study segmental 
kinematics of the thorax and pelvic segments were examined in addition to 
joint kinematics of the hip and knee.
OpenSim software was used to quantify muscle-tendon lengths during the 
kicking movements [10]. Muscle kinematics were quantiied using the gait2392 
model using Opensim v3.2. This model corresponds to the eight segments 
exported from Visual 3D and features ninety-two muscles, eighty-six of which 
are centred around the lower extremities and six are associated with the 
pelvis and the trunk. The muscle properties were modelled using the Hill 
recommendations based on the associations between force-velocity-length 
[12]. These muscle properties were then scaled based on each participant’s 
height and body mass based on the recommendations of Delp et al. [13]. 
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Muscle-tendon lengths are determined by the positions of their proximal 
and distal muscle origins. The muscle-tendon units which were evaluated as 
part of the current research were the rectus femoris, vastus medialis, vastus 
lateralis, vastus intermedius, biceps femoris long head (LH), biceps femoris 
short head (SH), semimembranosus and semitendinosus. All muscle–tendon 
units were normalized to their length during the static calibrations trials. 
Muscle kinematic parameters that were extracted for statistical analysis 
were: 1) the peak length during the squat movement 2) the eccentric strain 
(representative of the maximum increase in length divided by standing length, 
3) the concentric strain (representative of the maximum decrease in length 
divided by the standing length. All values were normalized to resting muscle 
length as determined via the static trial.
statistical analyses 
Diferences between muscles and the two squat conditions were examined 
using 4 (muscle) x 2 (squat condition) repeated measures ANOVA’s for each 
muscle group. Signiicance was accepted at the p < 0.05 level [14]. Signiicant 
interactions were further investigated using simple main efects. Efect sizes 
were quantiied using partial eta2 (pη2). The Shapiro-Wilk statistic for each 
condition conirmed that the data were normally distributed. Finally, the 
similarity of the muscle/joint kinematics waveforms between squat conditions 
were examined using intraclass correlations (ICC). All statistical procedures 
were conducted using SPSS v22.0 (SPSS Inc., Chicago, IL, USA).
results 
Figures 1–3 and tables 1–3 present joint and muscle kinematics during the 
squat. The results indicate that there were no diferences in joint/muscles 
kinematics between front and back squat techniques and that a high level of 
similarity was evident between waveforms.
Fig. 1. Kinematics as a function of the front and the back squat lifts a. = trunk lexion, b. = pelvic 
tilt, c. = hip angle, d. = knee angle (black = back & dash = front) (AT = anterior tilt, FL = lexion)
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Fig. 2: Quadriceps kinematics as a function of front and back squat lifts (black = back & dash = 
front)
Fig. 3: Hamstring kinematics as a function of front and back squat lifts (black = back & dash = 
front)
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Table 1. Quadriceps kinematics (Mean ±SD) as a function of both lifts
Back Front
  Mean SD Mean SD
Rectus femoris peak length (%) 83.84 12.16 82.69 14.93
Rectus femoris eccentric strain (%) 16.16 12.14 19.34 11.50
Rectus femoris concentric strain (%) 15.28 10.80 15.26 9.28
Vastus intermedius peak length (%) 209.37 16.72 207.63 21.17
Vastus intermedius eccentric strain (%) 109.37 16.27 108.05 17.01
Vastus intermedius concentric strain (%) 112.33 15.69 103.79 24.62
Vastus lateralis peak length (%) 216.73 21.93 215.19 23.61
Vastus lateralis eccentric strain (%) 116.73 18.69 115.56 19.02
Vastus lateralis concentric strain (%) 119.49 17.20 110.88 27.14
Vastus medialis peak length (%) 212.10 17.54 210.61 22.32
Vastus medialis eccentric strain (%) 112.12 17.09 111.05 17.96
Vastus medialis concentric strain (%) 115.11 16.28 106.95 25.52
Table 2. Hamstring kinematics (Mean ±SD) as a function of both lifts
Back Front
  Mean SD Mean SD
Biceps femoris LH peak length (%) 134.58 10.23 135.90 10.75
Biceps femoris LH eccentric strain (%) 34.58 10.23 38.97 9.92
Biceps femoris LH concentric strain (%) 34.39 10.74 33.46 13.57
Biceps femoris SH peak length (%) 78.42 2.83 77.62 5.06
Biceps femoris SH eccentric strain (%) 21.58 2.83 20.94 2.58
Biceps femoris SH concentric strain (%) 22.20 3.36 19.84 3.15
Semimembranosus peak length (%) 126.27 14.14 126.11 14.93
Semimembranosus eccentric strain (%) 26.27 14.14 28.75 11.01
Semimembranosus concentric strain (%) 24.83 13.51 21.77 12.83
Semitendinosus peak length (%) 113.96 6.02 113.13 6.51
Semitendinosus eccentric strain (%) 13.96 6.02 15.83 4.94
Semitendinosus concentric strain (%) 13.67 5.99 12.85 5.86
segment/joint kinematics 
No signiicant (p > 0.05) diferences between segment/joint kinematics were 
observed between squat conditions (Fig. 1).
quadriceps kinematics 
For the peak muscle length a signiicant main efect (p < 0.05, pη2 = 0.40) 
was shown for the muscle. Post-hoc analysis showed that the peak length 
of the rectus femoris was signiicantly shorter in comparison to the vastus 
lateralis, vastus medialis and vastus intermedius. For the maximum eccentric 
strain a signiicant main efect (p < 0.05, pη2 = 0.68) was shown for the 
muscle. Post-hoc analysis showed that the maximum eccentric strain of the 
rectus femoris was signiicantly reduced in comparison to the vastus lateralis, 
vastus medialis and vastus intermedius. For the maximum concentric strain 
a signiicant main efect (p < 0.05, pη2 = 0.67) was shown for the muscle. 
Post-hoc analysis showed that the maximum concentric strain of the rectus 
femoris was signiicantly reduced in comparison to the vastus lateralis, vastus 
medialis and vastus intermedius (Fig. 2; Table 1).
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hamstring kinematics 
For the peak muscle length a signiicant main efect (p < 0.05, pη2 = 0.35) 
was shown for the muscle. Post-hoc analysis showed that the peak length of 
the biceps femoris SH was signiicantly shorter in comparison to the biceps 
femoris LH, semimembranosus and semitendinosus (Fig. 3; Table 2).
Waveform similarity 
 
Table 3. Similarity (ICC) between lifts
Rectus femoris 0.993
Vastus intermedius 0.997
Vastus lateralis 0.998
Vastus medialis 0.998
Biceps femoris LH 0.998
Biceps femoris SH 0.981
Semimembranosus 0.995
Semitendinosus 0.997
Trunk 0.983
Pelvic tilt 0.919
Hip 0.992
Knee 0.999
High levels of similarity (ICC ≥ 0.919) were evident between waveforms for the two squat conditions.
discussion 
The aim of the current investigation was to determine the efects of the front 
and back squat lifts on the hamstring and the quadriceps muscle kinematics. 
To the authors’ knowledge this represents the irst comparative investigation 
to examine diferences in muscle kinematics during the front and the back 
squat lifts.
The irst key observation was that no diferences in either the hamstring or the 
quadriceps muscle kinematics were observed between the front and the back 
squat conditions. This concurs with the kinematic analyses which also showed 
that no diferences were evident between squat conditions. That no diferences 
in kinematics were evident between conditions opposes the observations of 
Russell & Phillips [4] and Diggin et al. [5], who showed increased trunk lexion 
in the back squat condition.It is proposed that this divergence in indings may 
relate to diferences in the measurement technique between the studies. Both 
Russell & Phillips [4] and Diggin et al. [5] utilized a 2D procedure to quantify 
trunk lexion, which is in contrast to the current investigation, whereby a 3D 
six degrees of freedom approach was employed. The key implication from 
these indings in relation to muscle kinematics is that the hamstring and 
the quadriceps muscle groups exhibit similar magnitudes of eccentric and 
concentric lengthening and shortening between the two squat modalities.
For the quadriceps muscle group diferences were shown for all measurements 
with the rectus femoris exhibiting diferences from the vastus lateralis, vastus 
medialis and vastus intermedius. During the descent and ascent phase the 
vastus lateralis, vastus medialis and vastus intermedius muscles all exhibited 
eccentric lengthening and concentric shortening of similar magnitude relative 
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to resting length. This is to be expected as both the hip and the knee joints 
exhibit lexion during the descent phase of the squat and extension during 
the ascent phase [11]. As the vastus lateralis, vastus medialis and vastus 
intermedius attach proximally to the anterio-proximal aspect of the femur 
and distally into the quadriceps tendon the distance between insertion points 
will increase during lexion and decrease during extension. Given the phasic 
pattern of eccentric lengthening and concentric shortening exhibited by 
these muscles, it is clear that muscle potentiation mediated by the stretch 
shorten cycle action [15, 16] is utilized by these muscles to lift the heavy loads 
associated with the squat. 
A further key observation is that the rectus femoris muscle exhibited a distinct 
pattern of lengthening and shortening in comparison to the vastus lateralis, 
vastus medialis and vastus intermedius. It is likely this relates to the distinct 
proximal insertion point of the rectus femoris at the anterior superior iliac 
spineas opposed to the anterio-proximal aspect of the femur. Because the 
pelvic segment tilts anteriorly during the squat this leads to a reduction in 
the length of the rectus femoris muscle tendon unit, despite the knee joint 
being in a lexed position. Muscle force potentiation mediated by the stretch 
shorten cycle is important during the squat where large masses are typically 
lifted [17]. As the rectus femoris does not experience eccentric lengthening 
during the descent phase, it can be concluded that the rectus femoris does not 
store any elastic energy that may be released during the ascent, indicating 
that this muscle does not contribute optimally to the squat. This supports the 
notion proposed by Escamilla [2] that the rectus femoris may not be utilized to 
its greatest potential during the squat and that anterior tilt of the pelvis and 
trunk segments should be minimized in order to maximize the contribution 
of the rectus femoris.
In addition to the vastus lateralis, vastus medialis and vastus intermedius 
muscles the biceps femoris LH, semimembranosus and semitendinosus also 
exhibited a phasic pattern of eccentric lengthening and concentric shortening 
of similar magnitude relative to resting length during the descent and ascent 
phases. This observation is an interesting one in that typically the hamstrings 
are considered to be antagonistic to the quadriceps [18] serving primarily 
to provide sagittal plane lexion of the knee joint. It is proposed that this 
observation is due to the proximal and distal attachment positions of these 
muscles at the ischial tuberosity and to the proximal end of the tibia/ibula. 
Because the hip and knee joints exhibit lexion and the pelvis tilts anteriorly 
during the descent phase of the squat, this means that the linear distance 
between the ischial tuberosity and the proximal end of the tibia/ibula 
increases. This indicates that the biceps femoris LH, semimembranosus and 
semitendinosus may also store eccentric elastic energy in the descent phase 
that is released during the concentric ascent phase of the lift.
conclusions 
In conclusion, whilst the biomechanics of the squat lift have been extensively 
examined, the current knowledge is limited both with regards to diferences 
between front and back squat lifts and with regards to the kinematics of the 
hamstring and the quadriceps muscles. The current investigation addresses 
this by providing a comparative investigation and analysis of the hamstring 
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and the quadriceps muscles kinematics during the front and the back squat 
lifts. The results indicate that no diferences exist between the two squat 
modalities but nonetheless important information regarding the phasic 
lengthening/shortening of the muscles was documented, which may improve 
our understanding of how these key muscles function during the squat.
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